Background Deep nuclear gray matter injury in neonatal hypoxic-ischemic encephalopathy (HIE) is associated with worse neurodevelopmental outcomes. We previously published a qualitative MRI injury scoring system utilizing serial T1-weighted, T2-weighted and diffusion-weighted imaging (DWI), weighted for deep nuclear gray matter injury. Objectives To establish the validity of the MRI scoring system with neurodevelopmental outcome at 18-24 months. Materials and methods MRI scans from neonates with moderate to severe HIE treated with therapeutic hypothermia were evaluated. Signal abnormality was scored on T1-weighted, T2-weighted and DWI sequences and assessed using an established system in five regions: (a) subcortical: caudate nucleus, globus pallidus and putamen, thalamus and the posterior limb of the internal capsule; (b) white matter; (c) cortex, (d) cerebellum and (e) brainstem. MRI injury was graded as none, mild, moderate or severe. Inter-rater reliability was tested on a subset of scans by two independent and blinded neuroradiologists. Surviving infants underwent the Bayley Scales of Infant and Toddler Development-III (Bayley-III) at 18-24 months. Data were analyzed using univariate and multivariate linear and logistic regression. Results Fifty-seven eligible neonates underwent at least one MRI scan in the first 2 weeks of life. Mean postnatal age at scan 1 was 4±2 days in 50/57 (88%) neonates and 48/54 (89%) surviving infants underwent scan 2 at 10±2 days. In 54/57 (95%) survivors, higher MRI injury grades were significantly associated with worse outcomes in the cognitive, motor and language domains of the Bayley-III. Conclusion A qualitative MRI injury scoring system weighted for deep nuclear gray matter injury is a significant predictor of neurodevelopmental outcome at 18-24 months in neonates with HIE.
Introduction
Neonatal hypoxic-ischemic encephalopathy (HIE) is a major worldwide cause of mortality and morbidity occurring in 1 to 6 per 1,000 live births [1, 2] . The introduction of therapeutic hypothermia as a treatment for HIE has decreased mortality and increased disability-free survival in neonates with moderate to severe encephalopathy [3] . However, 40% of survivors demonstrate a spectrum of neurodevelopmental outcome ranging from mild to severe disability, despite treatment with therapeutic hypothermia [3] .
Advancements in MRI techniques have improved our ability to evaluate the timing, severity and extent of injury [4, 5] . Integrating the MRI scan into clinical practice facilitates parental counseling on long-term outcomes and enables end-of-life Electronic supplementary material The online version of this article (doi:10.1007/s00247-017-3893-y) contains supplementary material, which is available to authorized users. discussions in cases where injury is global and devastating [5] [6] [7] [8] [9] [10] [11] . In particular, injuries to deep nuclear gray matter and the posterior limb of the internal capsule are associated with worse neurodevelopmental outcomes [5, [12] [13] [14] [15] . Current MRI injury scoring systems published in the literature include the Barkovich, the National Institutes for Child Health and Development (NICHD) and Rutherford systems [10, [16] [17] [18] . The latter two systems do not include diffusion-weighted imaging (DWI) and include scans beyond the first 2 weeks of life while the former does not specifically address posterior limb of the internal capsule injury.
To address some of these concerns, we published a clinical MRI scoring system specifically weighted for subcortical injury in the deep nuclear gray matter and posterior limb of the internal capsule. This system incorporates T1-weighted, T2-weighted and DWI sequences to evaluate the timing and extent of injury in HIE using two MRI scans obtained in the time frame recently recommended by a joint task force of the American College of Obstetrics and Gynecology (ACOG) and American Academy of Pediatrics [19, 20] . The scoring system is based on the presence and extent of signal abnormality by region on each sequence and can be applied into clinical practice.
The aim of this study was to validate this MRI scoring system [20] in neonates with moderate to severe neonatal encephalopathy secondary to HIE, using clinical MRI sequences with neurodevelopmental outcomes at 18-24 months of life.
Materials and methods
Neonates with moderate to severe HIE were recruited from the neonatal intensive care unit (NICU) at St. Louis Children's Hospital as part of a prospective electroencephalography monitoring study from 2007 to 2011. Eligible neonates were ≥35 weeks of gestation with moderate to severe HIE as defined by NICHD criteria [21] who underwent treatment with therapeutic hypothermia. Additional neonates with moderate to severe HIE, admitted between January 2011 and December 2013, who met identical inclusion criteria and had neurodevelopmental testing at 18-24 months were also included. Maternal and neonatal characteristics were obtained from the medical chart. The study protocol was reviewed and approved by the Human Research Protection Office at the Washington University School of Medicine in St. Louis. Informed consent was obtained for all individual participants included in the study.
Imaging protocol
Neonates with moderate to severe HIE underwent at least one MRI scan during hospitalization. By a priori definition, an MRI scan was labeled scan 1 if it occurred in the first 6 days of life and scan 2 if it occurred between 7 and 14 days of life. All neonates were transported to the scanner using institutional neonatal MRI guidelines without sedation [22] . Clinical MRI scans were performed on either a Siemens 1.5-T Avanto or 3.0-T Trio (Siemens Medical, Erlangen, Germany) scanner. The clinical scan sequences on both the 1.5-and 3-T scanners were optimized to match resolution and signal-to-noise by an MRI technologist and neuroradiologist. Repetition time (TR) and the number of slices were altered depending on the occipital frontal circumference of the baby to minimize scan time. The custom diffusion sequence consisted of 2×2×2 mm voxels; 9,300 ms TR; 96 ms echo time (TE); 1,710 Hz/Px and 2 b-values 0 and 1,000. Specific differences in sequence parameters between magnets are shown in Table 1 .
A single experienced reader in neonatal neuroimaging blinded to the infant's clinical course scored the MRI injury (A.M.M., with 14 years of experience) using a previously described scoring method on each scan [20] . If the neonate underwent two scans, both scans were scored and the scan with the higher injury score was used for neurodevelopmental outcome analysis. Interobserver testing was conducted using the single experienced reader (A.M.M.) and two additional independent experienced pediatric neuroradiologists (J.S.S., with 15 years of experience, and R.C.M., with 17 years of experience) blinded to the clinical course scored MRI injury on a subset of scans (n=10). Kappa values were calculated to determine inter-rater reliability for MRI injury grade.
Scoring system (Table 2)
The MRI injury scoring system is an adaptation of a previously published system developed at our institution and is specifically weighted for deep nuclear gray matter and posterior limb of the internal capsule injuries [20] . The five regions assessed qualitatively for injury include (a) the subcortical region made up of the deep nuclear gray matter (i.e. the caudate nucleus, globus pallidus and putamen, and the thalamus) and the posterior limb of the internal capsule; (b) white matter; (c) cortex, (d) cerebellum and (e) brainstem. Each subcortical component was scored independently and added to derive a subcortical region score. Each region was scored based on signal abnormality as either 0 (no injury), 1 (<25% of region), 2 (25-50% of region) or 3 (>50% of region) in each hemisphere on T1-weighted, T2-weighted and DWI culminating in a six-part score per region. The rationale of summating signal abnormalities across the three sequences is that injury seen on multiple sequences is likely more severe than injury seen on only one sequence. Since the brainstem is smaller in comparison to other regions, it was scored from 0 to 2 in all three sequences. A cumulative score was determined by adding up the 5 regional subscores (subcortical+white matter+cortical+ cerebellar+brainstem), and classified as no injury (score=0), mild injury (score=1-11), moderate injury (score=12-32) and severe injury (score=33-138). The scoring cutoffs were predetermined in a previous publication [20] and the objective of this project was to validate the scoring system. White matter and cortical regions were presented as a composite in certain analysis to represent the "watershed" region that other MRI injury scoring systems incorporate into their overall score. Examples of MRI regional scores are shown in Fig. 1 . The format of the MRI scoring sheet is shown in the Appendix (available for online viewing).
Neurodevelopment follow-up
Survivors underwent the Bayley Scales of Infant and Toddler Development-III (Bayley-III) between 18 and 24 months administered by a blinded psychologist. The primary outcome included cognitive, language and motor composite scores on the Bayley-III. The secondary outcome was dichotomized as "good" (Bayley-III score of ≥85 in all three domains) or "adverse" (death or a Bayley-III score of <85 in any domain) [23] .
Statistical analysis
Statistics were estimated for demographic data as means and standard deviations [SD] . Comparisons of clinical variables were made with a Fisher exact test and two-tailed ttest. The relationship between MRI cumulative scores, MRI injury grade and Bayley-III neurodevelopmental scores were compared using univariate linear regression analysis. Binary logistic regression was used to calculate the likelihood of adverse outcome (defined as death or On T1-and T2-weighted imaging, the PLIC is graded from 0 = well myelinated (≥50%), 1 = partially myelinated (25-50%), 2 = minimally myelinated (<25%) to 3 = absent myelination.
On diffusion-weighted imaging, the PLIC is graded on the area of diffusion restriction from no restriction (0) to extensive restricted diffusion (3).
Regional subscore: Summation of independent T1 + T2 + DWI images for the region MRI injury grade: Summation of the 5 regional subscores Table 3 .
MRI injury score and neurodevelopmental outcome
Univariate analysis demonstrated a significant association between higher MRI injury scores and lower Bayley-III scores in the cognitive, motor and language domains. Individual R 2 and P-values are shown in (Fig. 2) .
MRI injury score and adverse outcome
Using the dichotomized outcome of "good" and "adverse," an ROC curve for the MRI injury cumulative score was produced (Fig. 3) . The area under the curve was 0.72 with a 95% confidence interval [CI] of 0.57-0.86 (P=0.007). The point on the curve with the highest sensitivity and specificity occurred between a MRI cumulative score of 10.5 and 11.5. This corresponds with the cutoff value between mild and moderate grade of injury.
MRI injury on scan 1 versus scan 2
Forty-one of the 47 surviving (87%) neonates with scan 1 had scan 2 at a mean postnatal age of 10±2 days. Scan 2 demonstrated the worst grade of injury in 38/41 (92%) neonates. Thirty-two of 41 (78%) neonates showed no change in MRI injury grade between scans 1 and 2. Three of 9 (33%) showed improvement in MRI injury grade whereas MRI injury grade worsened in 6/9 (66%).
MRI injury grade and neurodevelopmental outcome
Univariate analysis demonstrated a significant association between higher MRI injury grades and lower Bayley-III scores in the cognitive, motor and language domains (Fig. 4) . Individual R 2 and P-values are shown in Table 4 . Binary logistic regression demonstrated an increased likelihood of an adverse outcome as the MRI injury grade increases (odds ratio [OR]: 2.2, 95% CI: 1.1-4.3, P=0.02). Of the 54 neonates who survived to neurodevelopmental follow-up, 35 had a "good outcome," 12 developed cerebral palsy and 1 had postneonatal epilepsy. Among the 22 infants with an adverse outcome, 17 had an MRI injury; of the 35 infants with good outcome, 16 had no injury on MRI (sensitivity 0.77, specificity 0.46, positive predictive value 0.47 and negative predictive value 0.76).
Regional MRI injury and neurodevelopmental outcome
Using multivariate linear regression analysis, higher (white matter and cortical) injury scores were independently associated with lower scores in the cognitive domain when Fig. 1 Examples of MRI regional scores. a T1-W image score of bilateral globus pallidus/putamen injury (2+2=4) (T1 score=4) (arrows indicate regions of globus pallidus/putamen injury) in a 9-day-old girl (gestational age of 40 weeks). b T2-W image score of bilateral globus pallidus/putamen injury (2+2=4) and bilateral cortical injury (1+1=2) (T2 score=6) (arrows indicate regions of globus pallidus/ putamen and cortical injury) in an 11-day-old girl (gestational age 40 weeks)). c Diffusion-weighted MRI image of bilateral restriction in the white matter (1+1=2) (DWI score=2) (arrows indicate regions of white matter injury) in a 5-day-old girl (gestational age of 38 weeks). d T2-W image score of unilateral cerebellar injury (1) (T2 score=2) (arrow indicates region of cerebellar injury) in a 1-day-old girl (gestational age of 36 weeks). e T1-W image score of bilateral global pallidus/putamen (2+2=4) and thalamus injury (2+2=4) (T1 score=8) (arrows indicate regions of globus pallidus/putamen and thalamic injury) in a 10-day-old boy (gestational age of 40 weeks) adjusted for other areas of injury. Subcortical (deep nuclear gray matter and posterior limb of the internal capsule) and (white matter and cortical) regional injury were independently associated with lower motor domain scores and subcortical injury was independently associated with lower scores in the language domain. The complete model output is shown in Table 5 . Nine newborns demonstrated brainstem injury and six newborns had cerebellar injury, primarily associated with more widespread supratentorial injury.
Discussion
In this single-center study, we validated a MRI scoring system weighted for subcortical (deep nuclear gray matter and posterior limb of the internal capsule) injury that includes clinically obtained T1-weighted, T2-weighted and DWI sequences with neurodevelopmental outcome between 18 and 24 months in neonates with moderate to severe HIE treated with therapeutic hypothermia. Scans were performed within the time frames recommended by the ACOG task force on neonatal encephalopathy [19] . Across the cohort, increasing MRI injury scores and grades were significantly associated with lower performance scores across all three domains of the Bayley-III. When categorizing each Bayley-III domain into severity of neurodevelopmental disability, the relationship persisted. The three readers had substantial agreement on the MRI injury grade in all cases used in the tested subset (n=10), producing an inter-rater reliability of 81% in determining whether there was no, mild, moderate or severe injury.
Two main patterns of injury in neonatal HIE are well documented in the literature: deep nuclear gray matter and watershed injury (involving intervascular boundary-zone white matter, plus cortical gray matter) [5, 12, 16, 24, 25] . The association of the predominant pattern of injury on MRI is a strong predictor of neurodevelopmental outcome [5] . In 2002, Barnett et al. [26] concluded that moderate or severe basal ganglia lesions were the best predictor of cerebral palsy. Mulkey et al. [25] described the effect of injury in deep nuclear gray matter on long-term neurodevelopmental outcome and cerebral palsy in a cohort of neonates with HIE enrolled as part of the CoolCap Trial. Due to the prior literature documenting the effect of deep nuclear gray matter and posterior limb of the internal capsule injury on neurodevelopmental outcome, we developed our scoring system to be weighted for such injury.
The watershed pattern of injury is often considered milder and with minimal effect on neurodevelopmental outcome at 18 months [27] . However, after adjusting for other regions of injury, multivariate analysis of our cohort showed that watershed injury is significantly associated with worse outcomes in the cognitive domain at 18-24 months. These results add to the recent concerns of cognitive delay identified at 30 months of age in neonates with watershed injury [5, 28] . These results highlight the importance of close follow-up as developmental interventions may need to be initiated sooner in infants with a watershed-type injury.
DWI is a valuable MRI sequence with the ability to accurately detect injury as early as 24-72 h of life, and when combined with T1-W, T2-W and DWI sequences in the first 2-to 5-day window provides an indication of timing of injury [19, [29] [30] [31] . The Barkovich system initially used only T1-W and T2-W sequences. This was subsequently modified to include DWI in the first 2 weeks of life. The system, however, does not explicitly include the posterior limb of the internal capsule in its scoring system, a region with excellent predictive value of injury [14, 15, 32] . The Rutherford and NICHD MRI scoring systems do not incorporate diffusion sequences and, being based on multicenter hypothermia trial cohorts, have heterogeneous timing of the MRI scans after birth with a Total number of scans performed equals 100 on the 57 infants included in the cohort HIE hypoxic-ischemic encephalopathy, SD standard deviation the former system consisting of a range of 2-30 days [10] and the latter consisting of a mean ± SD of 15±12 days [16] . The executive task force on neonatal HIE from the ACOG published an executive summary in 2014 outlining recommendations for neuroimaging in the setting of neonatal encephalopathy. They recommend two MRI scans when feasible; one obtained early in the neonatal course (24-96 h), which is useful in delineating the timing of perinatal injury, and the second between 7 and 21 days of life, which is important to determine the extent of injury with an ideal goal of obtaining a second MRI scan on day of life 10 [19] . A major strength of our study is that the timing of MRI scans and sequences fall within the recommendation by this task force. In our study, the average postnatal age ± SD at scan 1 was 4±3 days of life with a large proportion (72%) having a second scan at 10±2 days of life.
Another strength of our study is the validation of the MRI scoring system with the gold standard test for neurodevelopmental outcome, i.e. the Bayley-III at an optimal age of 18-24 months. Validation of our scoring system against an established neurodevelopmental assessment tool allows for earlier identification of the potential functional impairment and can provide physicians with the information to guide management, specifically developmental therapy through intervention programs [9, 29, 33] .
When including the three neonates who died prior to neurodevelopmental testing, the OR of developing an adverse outcome is 2.2 times higher for each increase in MRI injury grade. Not only does the MRI scoring system predict neurodevelopmental outcome based on a MRI injury grade, it provides information on the risk of developing an adverse outcome, a framework that clinicians and parents can understand.
A limitation of our study is the heterogeneity of magnet field strength, with some infants undergoing scans in a 1.5-T scanner and others in a 3-T scanner. However, this situation mimics what happens in clinical practice across centers and the quality of basic scan sequences, such as T1-W, T2-W and DWI, is sufficient on all modern scanners for qualitative interpretation needed to score the images. The scoring system retained validity despite the varying magnet strength. Another limitation of this scoring system is that it can only be used in the first 2 weeks of life as the majority of diffusion restriction is resolved beyond this time window [20] . Lastly, the R 2 values are on the lower end, which could be secondary to the low cohort size in the severe group (babies who died were not included since they did not have a Bayley-III score). Nevertheless, we think that the R 2 values, even though low, demonstrate a valuable association especially since the P-values remain significant.
Conclusion
A qualitative MRI injury scoring system using clinical MRI sequences -weighted for deep nuclear gray matter and posterior limb of the internal capsule injury and conducted in the time frame suggested by the ACOG summary statement on HIE -is a significant predictor of neurodevelopmental outcome at 18-24 months in neonates with HIE treated with therapeutic hypothermia. 
